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Abstract 
In this thesis, the leaching characteristics of biooxidized residue from the Wiluna gold 
mine are studied. The Wiluna BIOX residue was leached in bottle roll tests conducted 
at varying pulp densities and cyanide concentrations with the aim of studying the real 
leach characteristics of gold from the residue and determining which conditions result 
in the most profitable extraction of gold. The leaching in test 4 was conducted at a 
pulp density of 30% solids with 20 g/L of activated carbon in the pulp at an initial 
sodium cyanide concentration of 1500 mg/L which was maintained at 1000 mg/L. 
The gold leaching efficiency was found to achieve a recovery of 91.1% after 48 hours 
and 92.3% after 72 hours in test 4 and 93.2% after 48 hours of leaching in test 9 with 
a NaCN consumption of 12.25 and 12.69 kg NaCN, respectively, per tonne of 
concentrate treated. If the results from the bottle roll tests could be reproduced in the 
Wiluna plant, a reduction in pulp density from 40% to 30% solids in the carbon-in-
leach would translate into an increase in revenue from the recovery of an additional 4 
400 oz. p.a. The highest leaching efficiency of gold (96.2%) was obtained in test 21, 
which was conducted at an initial sodium cyanide concentration of 2825 mg/L which 
was maintained at 1883 mg/L NaCN and conducted at a pulp density of 10% solids 
w/w.  The results of the bottle roll tests also showed that cyanide consumption 
increases as the mass percentage of solids in the pulp is reduced. The tests also 
illustrated that improvements in recovery and the rate of leaching were achieved as 
the mass percentage of solids in the pulp was reduced. The residue was observed to 
contain fast leaching and slow leaching gold as is illustrated by the initial large 
increases in gold concentration in the leach liquors and from the results of test 12 in 
which gold leaching was occurring even after 72 hours of cyanide leaching. 
 
Key words: 
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1. Introduction 
 
Gold was discovered in Wiluna in 1896, with mining continuing intermittently until 
1950, producing reportedly 2 million ounces (McCormack & Spencer, 2016). The 
Wiluna gold plant has run under several incarnations in the last three decades of 
operation including carbon-in-pulp (CIP), carbon-in-leach (CIL) and more recently as 
a bio-oxidized (BIOX) carbon-in-leach, processing refractory ore and a smaller oxide, 
free milling circuit. Blackham is pursuing an oxide and free milling strategy that is 
believed to be sustainable for three years based on current resources before 
transitioning to higher grade sulphide ore (McCormack & Spencer, 2016). While not 
part of the immediate processing strategy, the Wiluna plant contains an existing BIOX 
circuit which for minimal capital expenditure, ~A$10 million, could be used to treat 
ore from this reserve base (McCormack & Spencer, 2016).  The mill is expected to 
process 1.3 million tonnes per annum allowing the production of over 100 000 ounces 
of gold per annum (Proactive Investors, 2015). Ore from the Matilda, Golden Age and 
Williamson deposits and East /West Lodes have been processed through the Wiluna 
Gold Plant (Blackham Resources, 2015). The Matilda Gold Project now has 45 
million tonnes at 3.3 g/t for 4.8 million ounces, 50% indicated, within a 20 km radius 
of the Wiluna gold plant, targeted for over 100 000 ounces per annum of gold 
production (Blackham Resources, 2016). The measured and indicated resources total 
22 million tonnes at 3.4 g/t for 2.4 million ounces (Blackham Resources, 2016). 
Sulphide resources contain 72% of the company’s resource base (McCormack & 
Spencer, 2016). Apex minerals spent in excess of $70 million comprehensively 
drilling out sulphide resources, with 49% indicated as classified (McCormack & 
Spencer, 2016). From the eight-year period from July 1999 to July 2007, the Wiluna 
plant averaged 82.7% gold recovery from a feed grade of 5.5 g/t (ASX, 2003). The 
refractory circuit has operated successfully for more than 25 years and over the last 
ten years recoveries have averaged 82% (Proactive Investors, 2015). In the 1940’s 
until their closure in 1947 the mine also produced arsenic and antimony as by-
products of gold extraction (Davis & Farrelly, 1993). 
 
At Wiluna gold occurs in sulphide minerals, mainly arsenopyrite and pyrite or as free 
gold in quartz reefs (Apex Minerals, 2003).  
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The rate of dissolution of gold increases linearly with cyanide concentration until an 
ideal concentration is attained beyond which a further increase in cyanide 
concentration has a retarding effect on the rate of leaching (Haque, 1992). An increase 
of cyanide beyond this range does not increase the rate of leaching and often results in 
higher consumption of cyanide through oxidation and reaction with cyanicides. Thus, 
finding the level of cyanide that is required for adequate leaching of the gold is of 
significant economic importance as it affects the profitability of the process. High 
cyanide consumption represents a significant disadvantage in biooxidizing refractory 
gold concentrates, from both an economical and a process control perspective. The 
main cause of high cyanide consumption is related to the formation of polysulphides 
and sulphur in the biooxidation step, followed by the conversion to thiocyanate in the 
cyanide leach circuit (Dunne, 2012). The presence of sulphur in the concentrate would 
result in considerable cyanide consumption to leach gold from the concentrate at 
Wiluna, as the Wiluna plant was designed to treat concentrate containing 24% 
sulphur.  
 
It is reported that the impact of slurry rheology on mass transfer is generally 
overlooked in designing CIP and CIL plants and the common operating philosophy is 
to thicken the leach feed after milling to the maximum practical density that can be 
achieved in a thickener underflow. This is done in the belief that maximizing pulp 
densities will maximize ore throughput thereby minimizing the size of the leach and 
adsorption plants and generating the lowest capital cost. Fleming and co-workers 
suggest that, the kinetic gains that can be made by operating both the leach and 
adsorption sections at lower solids densities with more fluid slurries will shorten the 
residence time required for the leach and adsorption sections, and that this will often 
outweigh the losses suffered from increased volumetric flows, resulting in smaller 
tank sizes and improved operating performance (Fleming et al., 2011). Optimization 
of CIP and CIL plant design with optimized operating parameters can have a 
significant impact on capital and operating costs. A 1% increase in recovery increases 
revenue from the Wiluna process by $0.7 m (ASX, 2015).  
 
The presence of copper is significant as leaching is not inherently a selective process 
and most copper minerals are highly soluble in cyanide solutions (Bas et al., 2014). 
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The detrimental effect of copper is associated with the excessive consumption of 




3-] (Haque, 1992) leading to poor gold extractions 
when a sufficient level of cyanide is not provided. Every 1% reactive copper in the 
ore consumes 30 kg/t NaCN, which adversely affects process economics (Bas et al., 
2014). Cyanide consumption can be even higher up to 51.5 kg/t for every 1% of 
contained copper due to the formation of thiocyanate and cyanate in addition to 
cyanide complexes (Bas et al., 2014). 
 
The following reactions illustrate that copper consumes cyanide and oxygen which is 
detrimental to the leaching of gold. 
 
Cu2+ + 2CN– → Cu(CN)2                                                                    (1) 
Cu2O + 6CN
– + H2O → 2Cu(CN)3
2– + 2OH–                                     (2) 
Cu2S + 7CN
– + 1/2O2 + H2O → 2Cu(CN)3
2– + 2OH– + CNS–          (3)   
2CuO + 7CN– + H2O → 2Cu(CN)3
2– + 2OH– + CNO–                      (4) 
2CuS + 8CN– + 1/2O2 + H2O → 2Cu(CN)3
2– + 2OH– + 2CNS–            (5)       (Bas et al., 
2014) 
 
The tricyano copper complex is the predominant copper species (Breuer et al., 2009). 
Furthermore, copper passes through all stages of gold recovery processes into dorѐ 
bullion (Haque, 1992). Additionally, in leach solutions containing elevated levels of 
copper, the titrimetric method overestimates the concentration of free cyanide and 
underestimates the concentration of weak acid dissociable (WAD) cyanide (Botz et 
al., 2013). Titration of a solution containing free cyanide and copper-cyanide 
complexes will result in complete quantification of free cyanide, plus a variable 
proportion of cyanide associated with copper (Botz et al., 2013).  
 
The detection of Sb and As in the leach feed is expected as stibnite and arsenopyrite 
are historically present in the mineralogy of Wiluna ores (Vaughan & Kyin, 2004). 
The presence of Sb and As is significant as minerals of Sb and As are both oxygen 
and cyanide consumers. Some of the oxidation products such as thioarsenite (AsS3
3-), 
thioantimonite (SbS3
3-) and thioantimonate (SbS4
3-) may form a passivating film on 
gold and are also strong oxygen consumers (Haque, 1992). As a result, the 
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cyanidation rate of gold diminishes considerably or even stops. It is further believed 
that these minerals and/or their oxidation products may lower the EH of the leach 
slurry to the point where gold cyanidation essentially stop (Haque, 1992). 
 
The presence of Tl and Pb is significant as the presence of Tl and Pb is reported to 
enhance the anodic oxidation of gold. The presence of foreign heavy metal atoms 
such as Pb, Hg and Tl on the surface of gold is likely to disrupt the formation of films 
and passivation of gold however passivation of the gold surface under plant 
conditions may be minimal due to the fact that gold occurs alloyed with other metals 
(Nicol et al., 2006).  
 
 
A cyanide bottle roll test is the industry standard first step in assessing the potential 
gold recovery by cyanide leaching. Much information regarding the leaching 
characteristics of an ore, including kinetics, can be gained from bottle roll tests. The 
bottle roll tests conducted in this thesis were conducted at varying pulp densities and 
cyanide concentrations to investigate which pulp density is optimal for leaching 
efficiency and what concentration of cyanide is necessary for adequate leaching.  The 
effect of the presence of carbon in the leach was also investigated. Some tests were 
conducted using lower concentrations of cyanide with an excess of carbon. A test was 
also conducted in which the pulp was filtered at each sample point and the liquor was 
replaced with fresh 500 mg/L NaCN solution.  
 
The leach feed was sourced from settled solids in a pre-aeration tank at the Wiluna 
plant and the leach feed is twice the normal grade. The leach feed may contain fine 
free gold resulting in extended leach times. The leach feed may also contain higher 
than normal levels of unoxidized sulphides. The current cyanide consumption in the 
leach circuit is 3 kg/t NaCN and the average grade of the leach feed is 98 g/t Au. 
 
The main aims of this thesis are to: 
• Determine real leach characteristics 
• Determine necessary cyanide levels for adequate leaching 
• Determine necessary residence time 
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• Determine reduced OPEX for new leach circuit 
• Determine any recovery improvement 
 
The data collected during the experiments is informative regarding the changes in pH, 
EH, cyanide levels and cyanide consumption, rates of gold leaching and the effect of 
pulp density on the leaching gold from the residue. The results indicate that an 
improvement in the recovery of gold to 92-93% could be acheived by a reduction in 
pulp density to a mass percentage of 30% solids in the pulp. 
 
2. Experimental Methods 
 
2.1 XRD  
 
The biooxidized residue was analysed by X-ray diffraction (XRD). The sample for the 
XRD analysis was prepared by taking a scoop of sample of the wet residue from each 
of the bags provided. The sample was placed in a tray and dried at air temperature, 
rather than using the heat lamps. This was done due to the detection of gypsum in the 
initial analysis. A small sample of approximately 50 g of the material was obtained 
for the XRD analysis by riffle splitting.  
 
The instrument used for the analysis was a GBC EMMA powder diffractometer. 
Initially the XRD output was analysed using the XRD software Tracesv6. The output 
was further analysed using a program called Match! (Putz, 2017) in which 
experimental patterns are matched with peaks of reference patterns. The software 
allows the user to pan in and out of the XRD output and examine how well the peaks 
of potential phases match the peaks that are on the output, in terms of the location of 
the peaks and their intensity. 
 
The scanning was conducted from 5-60º theta without subtracting the background. A 
small step size was used which resulted in adequate resolution so the peaks in the scan 
could be differentiated. The scanning was set at 1º per minute with a step size of 
0.005. The sample was grinded using a mortar and pestle. Approximately 1 g of the 
residue was compacted into a standard sample holder and the surface of the sample 
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was levelled. A sample holder was used so that the X-rays would be able to penetrate 
the sample deeply and provide the output which accurately represents the phases 
present in the leach feed. 
 
2.2 Scanning Electron Microscopy and Energy Dispersive Spectroscopy 
analysis of biooxidized residue 
 
The residue was examined using Scanning Electron Microscopy (SEM). Images of the 
residue to be leached were obtained using both secondary electron detection (SED) 
and backscatter electron detection (BED).  
 
The samples were prepared by smearing carbon glue onto a metal stub and placing 
residue onto the glue. The sample was then placed inside a desiccator to dry for 
approximately 4 hours before being analysed. The material was found to be 
conductive so it was not necessary to apply a coating to the residue to view the leach 
feed using the microscope.   
 
The instrument used for the analysis was a JCM-6000. The voltage was set at 15 kV 
and the probe current was 1.00000 nA. 
 
2.3 Washing and Homogenization of residue 
 
Approximately 600-700 g of the moist BIOX residue was removed from each bag of 
feed material and placed into a bucket. The total mass of the material that was washed 
and homogenised for leaching was 4359 g. The bucket was then filled to about ¼ of 
its height with water and a mounted laboratory stirrer was lowered into the bucket. 
The mixture of BIOX residue and water was stirred into a slurry. The slurry was 
stirred on a light to moderate rate for five minutes. The bucket was then emptied into 
a pressure filter and the slurry was filtered. The material was found to be slow 
filtering and it took about one hour to filter the water from the leach feed. The water 
that was filtered from the slurry was kept in a bucket to be analysed for Au by Atomic 
Absorption Spectrophotometry (AAS) and S by ICP-MS. Once filtration was 
completed the filter cake of washed and homogenised residue was returned to the 
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bucket and stirred into a slurry by removing the filter cake from the filter paper and 
washing the filter paper into the bucket. The residue was rewashed by stirring for five 
minutes and then filtered keeping the filtered wash water in the bucket. The filtered 
cake of homogenised and washed feed was placed into plastic bags. A slice of the 
washed filter cake weighing 69.92 g was removed and placed in an oven to dry at a 
low temperature of 27 degrees. Approximately 40 h later the dry material was 
removed from the oven. The dried slice of the filter cake was then weighed. Its mass 
was found to now weigh 42.63 g. This enabled calculation of the mass proportions of 
solids and water in the washed and homogenised residue which was necessary 
information to determine the mass of wet residue and sodium cyanide to be added to 
the bottle leaching reactors. It was calculated that the washed leach feed contained 
60.69% solids and 39.03% water. 
 
2.4 Particle Size Analysis 
 
The material used for the particle size analysis was sampled from each bag and 
combined, dried under heat lamps and rolled over with a rolling pin to de-
agglomerate. A 38.08 g sample of material was riffled out for the particle size 
analysis. The sample was wet screened thoroughly over a bucket on a 38 µm screen. 
The oversize material (+38 µm) was washed from the sieve mesh onto a filter paper 
and dried under heat lamps. The slurry containing the -38 µm material was filtered 
using a pre-weighed filter paper and a pressure filter. The -38 µm material was also 
dried under heat lamps. When the +38 µm material was dry it was placed into the top 
of a set of laboratory sieves and placed on a shaker and shaken vigorously for 20 
minutes. After 20 minutes, the shaker was stopped, and the set of sieves was removed 
from the shaker. The residue that was caught in the sieves was brushed into an 
aluminium tray that was tared on a balance and the mass of each size fraction was 
then weighed and recorded. When it was dry the mass of the -38 µm material from 
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2.5 Bottle Roll Leach Tests 
 
The determination of the mass of NaCN solution and wet residue that would be 
required to produce the slurries of the required pulp density w/w % and CN- 
concentration was made prior to the commencement of the tests. From a stock 
concentration of 0.1 M AgNO3, 50 mL solutions of 0.0103 M AgNO3 were prepared 
for the titrations by diluting 5.1499 mL of 0.1 M AgNO3 with 44.85 mL of DI water. 
The 0.0103 M AgNO3 solution was then poured into a 50 mL burette using a funnel.  
 
Two litre cylindrical plastic and glass jars were used as the reactors in the bottle roll 
tests. A small hole was drilled into the centre of each of the plastic lids using the drill 
press located in the pyrometallurgy laboratory. This was done as oxygen is essential 
for the dissolution of gold in cyanide solutions as oxygen is reduced during the 
leaching reactions.     
 
Stock solutions of the required concentrations of CN- were prepared by weighing the 
masses of NaCN required on a balance into a weigh boat and then washing the NaCN 
through a funnel into a volumetric flask using the required amount of de-ionized 
water. The density of each CN- solution was then determined by taring a 100 mL 
volumetric flask on a balance. The mass of 100 mL of the solutions added to the flask 
were recorded enabling the density of the solutions to be calculated. This was 
necessary information for determining how much cyanide to be added to the bottles to 
maintain the concentrations of cyanide at the specified levels.  
 
Volume of CN- solution in vessel = (mass of CN- solution added / density of CN- 
solution) 
 
The pre-calculated masses of wet residue were then weighed into plastic and glass 
cylindrical containers on a balance. The NaCN solutions were than weighed into the 
reactors by being poured from a volumetric flask and when close to the correct mass, 
the cyanide solution was added to the bottles from a beaker dropwise into the bottles 
using a plastic dropper so that the correct masses were able to be accurately obtained. 
Once the ore and cyanide solutions were added to the bottles a timer on a stopwatch 
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was started and the time was recorded. The potential of the leach liquors was 
measured using a gold wire and a platinum reference electrode and then measured 
with a Ag/AgCl reference electrode and a platinum electrode. The potential, pH and 
temperature of the slurries were quickly measured and recorded. The masses of the 
bottles were than measured and recorded and the bottles were placed on the bottle 
roller and the bottle roller was started. The bottles were placed on the bottle roller 
allowing for enough time between sampling and titrating the cyanide solutions and to 
calculate how much NaCN to be added to the vessels to maintain the stipulated 
cyanide concentrations.  
 
When the samples were taken, the bottle roller was stopped to remove the next bottle  
and restarted so that the other bottles on the roller kept being agitated. The bottle that 
had been removed was than shaken vigorously for 5 s and the lid was than unscrewed. 
Generally, a 60 mL sample of slurry was taken from the vessels; however, 50 mL was 
taken in tests for some samples if the amount of slurry appeared to be getting low. 
The samples were taken from the reactors using a 60 mL syringe that had a very wide 
gauge. The slurries that contained carbon were screened with a wire mesh placed over 
a before filtering the samples. The carbon caught in the mesh was returned to the 
bottles. Whilst the sample of the slurry was filtering the potential, pH and temperature 
of the slurry was measured and recorded. The samples were left on the Buchner 
funnel with the vacuum on for a few minutes until no more liquor was being filtered, 
ensuring that there was no liquor entrained in the filtered residue. The solutions were 
filtered using Whatman 541 hardened ashless 125 mm filter papers and machery-
nagel mn 615 125 mm filter papers. The filtered leach liquor was poured into a 100 
mL beaker and the volume of liquid was measured and recorded to keep track of the 
volume of liquor removed from the leach vessels. The residues were washed with 
approximately 100-200 mL of de-ionized water to wash out any entrained soluble 
metals. The filtered and washed leach residues were than removed from the Buchner 
funnel, placed into trays and dried at 30º C in an oven overnight.  
 
The silver nitrate titrations for the determination of cyanide was conducted on 10 mL  
of filtered leach liquor pipetted into a 100 mL Erlenmeyer flask titrated with 0.0103 
M AgNO3 solution according to the procedure recommended by Breuer (2017). The 
accuracy of this method was tested by titrating a solution of 1500 mg/L NaCN. Using 
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the method described it was calculated that the solution contained 1490 mg/L NaCN 
and the method was assessed as being sufficiently accurate. Titrations were also 
conducted before the commencement of the tests using Rhodamine indicator as 
Rhodanine was not available, to see if this could be used as an indicator. The solution 
immediately turned bright pink when 2 drops of 0.2% Rhodamine in acetone was 
added to the cyanide solution so the use of Rhodamine was abandoned. Potassium 
Iodide was also tested as an indicator for the titration method by adding 5 mL of 10% 
KI solution to the cyanide solution. The use of KI was successful however it did not 
appear to make the titration end point easier to observe than without the use of an 
indicator so it was chosen to not use an indicator for the titrations.  
 
After titrating the solutions, the concentration of free cyanide in the solutions was 
determined as follows:  
 
Concentration of NaCN (mg/L) = volume of AgNO3 x titration factor  
 
The temperature of the slurries was then measured using a thermometer and recorded. 
The mass of NaCN to be added to the leach vessels was then calculated as follows: 
 
Mass of NaCN to be added = (desired concentration – concentration determined by 
titration) x volume of cyanide solution remaining in the bottle 
 
The masses of NaCN were than weighed on a balance and added to the bottles and 
shaken. If the pH was found to be significantly below pH 10, the pH was adjusted to 
pH 10 by adding NaOH solution drop wise to the reactor and measuring the pH. The 
sampling of the slurries and maintenance of the cyanide concentrations was done after 
2, 4, 8, 24, 48, and 72 hours of leaching in tests 1 to 12 and after 8, 24 and 48 hours in 
tests 13 to 16. In the tests in which there was carbon in the slurry the filtered liquor 
was returned to the bottles as instructed besides test 12 in which the slurry was 
filtered at each sample point and the liquid was replaced with fresh 500 mg/L NaCN 
solution.   
 
Experiments 13-16, the experiments utilising an excess of carbon, required the carbon 
to be used for the tests to be pre-soaked in cyanide solution that had the same cyanide 
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concentration as in each test that the carbon would be used in. The carbon was soaked 
for approximately 3 hours before being added to the bottles and commencing these 
tests. The liquor added in the beaker was subtracted off the total amount of cyanide 
solution added to the tests so that the correct mass of cyanide solution was used for 
these tests. New PICA G210AS activated carbon was used in the experiments. 
 














<10 Use alternative method such as CN ion selective electrode, FIA or 
HPLC 
10-50 20 0.00103 M 2-10 5 
50-100 10 0.00103 M 5-10 10 
100-500 20 0.0103 M 2-10 50 









NaCN (mg/L) = mL AgNO3 at End point x Titration factor 
 
Effect of pH and buffers 
 
The aqueous HCN is not titrated. If pH<10.5 then HCN(aq) is titrated when: 
• Presence of a buffer (e.g. CO32-) which results in dissociation of some or all 
HCN(aq) to CN
- as the titration proceeds (HCN(aq) → H
+ + CN-, pKa = 9.2). 
• Addition of NaOH to the titration to convert all HCN(aq) to CN-  (Breuer, 
2017) 
 
Chloride ion interference 
The titration end point is not as sharp, as Cl- will begin to react with Ag+ near the CN- 
endpoint. This occurs for both colorimetric and potentiometric titrations (Breuer, 
2017). 
 
Sulfide ion interference 
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The S2- ions can be removed prior to the titration by precipitating with Pb2+ before the 
titration (Breuer, 2017). 
 
Copper ion interference 
The presence of Cu ions reduces the end point sensitivity. Potentiometric titrations 
measure free CN- and the fourth CN- complexed with Cu in Cu(CN)4
3-. Rhodanine 





Analysis of cyanide species and degradation products such as SCN-, OCN and metal 
cyanides is important to understand and quantify cyanide deportment. HPLC, ICP and 
other analysis methods are available (Breuer, 2017).  
 
2.6 Atomic Absorption Spectrophotometry 
 
The gold concentration of the leach liquors was measured using Atomic Absorption 
Spectrophotometry. The model used was a GBC Avanta AAS Model 933AA. An 
air/acetylene flame was used.  
 
Gold standard solutions for AAS were prepared by dissolving 0.3652 g of KAu(CN)2, 
0.25 g of NaCN and 0.25 g NaOH and making up to 250 mL with DI water to produce 
a 1000 mg/L Au (as KAu(CN)2) stock solution. This was then diluted with DI water 
to produce 2.5 ppm, 5 ppm and 10 ppm gold standards that were used for the gold 
analysis (1 ppm = 1 mg/L). 
 
Most samples were diluted by pipetting 5 mL of leach liquor into 50 mL volumetric 
flasks and making up to 50 mL with de-ionized water. Some samples did not require 
dilution. A summary of test conditions is shown in Table 2. 
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Table 2 Leach Test Conditions 
Test Objective Solids Sodium Cyanide Carbon Sample Points Assays 
  % (w/w) 
 
Initial Maintain g/L h Soln Solids Carbon 
1 Define the 
problem 
40 1500 1000 0 2, 4, 8, 24, 48, 
72 
6 1 0 
2 Define the 
problem 
40 1500 500 0 2, 4, 8, 24, 48, 
72 







 20 48 1 1 1 
4 Leach kinetics 
with carbon 
30 1500 1000 20 2, 4, 8, 24, 48,   
72 
1 6 1 
5 Density 
Variation 
30 1500 1000 0 2, 4, 8, 24, 48, 
72 
6 1 0 
6 20 1500 1000 0 2, 4, 8, 24, 48, 
72 
6 1 0 
7 10 1500 1000 0 2, 4, 8, 24, 48, 
72 
6 1 0 
8 5 1500 1000 0 2, 4, 8, 24, 48, 
72 
6 1 0 
9 Carbon to 
control Au 
Conc 
30 1500 1000 20 2, 4, 8, 24, 48, 
72 
1 6 1 
10 30 1000 750 20 2, 4, 8, 24, 48, 
72 
1 6 1 
11 30 500 500 20 2, 4, 8, 24, 48, 
72 
6 1 1 
12 Filter at each 
sample point, 
replace liquid 
with fresh 500 
ppm NaCN 
40 1000 1000 0 2, 4, 8, 24, 48, 
72 






30 1000 700 100 8, 24, 48 1 3 1 
14 30 700 500 100 8, 24, 48 1 3 1 
15 30 500 350 100 8, 24, 48 1 3 1 




40 2825 1884 0 2, 4, 8, 24, 48, 
72 
6 1 0 
18 40 2825 941.8 0 2, 4, 8, 24, 48, 
72 
6 1 0 
19 30 2825 1884 0 2, 4, 8, 24, 48, 
72 
6 1 0 
20 20 2825 1884 0 2, 4, 8, 24, 48, 
72 
6 1 0 
21 10 2825 1884 0 2, 4, 8, 24, 48, 
72 
6 1 0 
22 40 2825 1884 0 2, 4, 8, 24, 48, 
72 
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3. Results and Discussion 
 
3.1 XRD analysis of Wiluna Biooxidized residue 
The XRD output of the leach feed as viewed on Match! can be seen below.  
 
Some of the phases, such as quartz, dolomite, chlorite and stibnite, detected in the 
XRD output are historically present in the mineralogy of Wiluna ores. Potassium 
aluminium silicate hydroxide (muscovite) was also detected which is a weathering 
product of sericite which is also present in Wiluna ores. Products of the bio-oxidation 
of the arsenopyrite and pyrite flotation concentrate, such as elemental sulphur, ferrous 
sulphate and arsenic trioxide, were detected. Goethite, pharmacosiderite, 
szomolonokite were detected which is in agreement with previous reports by Cashion 
et al. (1997) who detected these species by Mössbauer investigation. They were not 
able to detect any iron species via XRD apart from aluminosilicates. This may 
indicate that the material consists of some poorly crystalline iron oxyhydroxides. The 
presence of gypsum was also detected in the leach feed. The mineralogy of the 
residue as deciphered from the XRD analysis can be viewed below in Table 3. 

 
Table 3. Mineralogy of Wiluna Biooxidized Residue 
Mineral Name Chemical Formula Quantity % 
Chlorite Al0.865Fe0.255H4Mg2.292O9Si1.588 25.6 





Sulfur S 10.5 
Schwertmannite FeO2 8.9 
Stibnite Sb2S3 6.6 




Pharmacosiderite As3Fe4H18O23 3.6 
Szomolonokite FeH2O5S 2.3 
Goethite FeHO2 1.6 
Ferrous Sulphate FeSO4 0.7 
Arsenic Trioxide As2O3 0.5 
 
 
3.2 Scanning Electron Microscopy and Energy Dispersive Spectroscopy 
analysis of biooxidized residue 
 
Images of the leach feed were obtained using the BSE integrated into the SEM.  
From the BSE images obtained the distribution of shape and the size of particles can 
be viewed clearly. The residue appears to be composed of spherical and longer 
rectangular particles. From the images, it seems that the largest spherical particles 
have a diameter of approximately 500 µm and that some of the largest rectangular 
particles appear to be approximately 700 µm in length. 
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Figure 2 Photomicrograph showing Wiluna Biooxidized residue 
 
 
Figure 3 Photomicrograph showing Wiluna Biooxidized residue 
 
 
The BIOX residue was also examined and imaged using the secondary electron 
detector. The images taken using SED are of detailed sample surface topography. The 
micrographs obtained show that some of the particles had smooth surfaces prior to 
leaching but most of the material was rough which is probably due to oxidation in the 
presence of bacteria, the result of the BIOX pre-treatment. Pores are also visible on 
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SEM Energy Dispersion Spectroscopy (SEM-EDS) was used to determine the specific 
elements and oxide compounds that comprise sample regions of the prepared samples 
of bio-oxidized residue. EDS provided information about the chemical composition of 
the residue and additional data about the features that were observed in the SEM 
micrographs (Polymer Solutions, 2017).       
  
Samples of the bio-oxidized residue were prepared and analysed using EDS to gain 
information on the average elemental composition of the residue, although EDS is not 
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Table 4 EDS Oxide Analysis of Wiluna Biooxidized residue 
ZAF Method Standard Quantitative Analysis (Oxide) 
Fitting Coefficient: 0.0820 
Total Oxide: 24.0  







C K* (excluded)  
O *  44.48       
Na K 1.041 1.11 0.08 1.65 Na2O 1.49 0.42 1.1555 
Mg K 1.253 3.16 0.13 8.92 MgO 5.24 1.12 3.7138 
Al K 1.486 13.01 0.26 16.54 Al2O3 24.59 4.16 19.0936 
Si K 1.739 22.64 0.41 55.30 SiO2 48.43 6.96 35.2667 
K K 3.312 5.46 0.12 4.79 K2O 6.57 1.21 14.0901 
Ti K 4.508 1.63 0.11 2.34 TiO2 2.72 0.29 4.1056 
Fe K 6.398 8.52 0.24 10.46 FeO 10.95 1.32 22.5747 




Figure 7 Photomicrograph of Wiluna Biooxidized residue particles analysed by 
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Figure 8 EDS spectrum obtained of Wiluna Biooxidized residue 
 
 
Table 5. EDS Oxide Analysis of Wiluna Biooxidized residue 
ZAF Method Standard Quantitative Analysis (Oxide) 
Fitting Coefficient: 0.0714 
Total Oxide: 24.0  







C K* (excluded)  
O *  44.87       
Mg K  4.04 0.19 10.84 MgO 6.70 1.42 3.7683 
 Al K  5.01 0.22 6.05 Al2O3 9.47 1.59 5.8444 
Si K   13.75 0.39 31.90 SiO2 29.42 4.19 19.6949 
  S K  9.53 0.31 19.35 SO3 23.79 2.54 17.2913 
K K  0.87 0.07 0.73 K2O 1.05 0.19 1.9397 
Ca K  12.11 0.24 19.69 CaO 16.95 2.59 29.4742 
Fe K  9.81 0.30 11.44 FeO 12.61 1.5 21.9872 


















 Figure 9 EDS spectrum obtained of Wiluna Biooxidized residue 
 
 
Table 6 EDS Elemental Analysis of Wiluna Biooxidized residue 
 
Element (keV) Mass 
(%) 
Sigma Mol % K 
C K 0.277 29.14 0.07 51.31 3.4610 
O K 0.525 18.68 0.04 24.69 10.9589 
Al K 1.486 3.07 0.03 2.41 2.9043 
Si K 1.739 9.63 0.05 7.25 11.6499 
S K 2.307 7.90 0.03 5.21 13.2471 
Fe K 6.398 5.44 0.04 2.06 12.0569 
Cu K 8.040 12.79 0.10 4.26 27.3309 
Zn K 8.630 0.94 0.08 0.30 2.0304 
As L 1.282 6.16 0.08 1.74 6.7903 
Sb L 3.603 1.79 0.06 0.31 2.8397 
Tl M 2.267 4.46 0.11 0.46 6.7307 
Pb M      
Total  100.00  100.00  
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Figure 10 EDS Spectrum of Wiluna Biooxidized Residue 
 
Table 7 EDS Elemental Analysis of Wiluna Biooxidized residue 
Element (keV) Mass 
(%) 
Sigma Mol % K 
C K 0.277 52.65 0.12 66.32 22.1972 
O K 0.525 25.42 0.11 24.04 16.4010 
Mg K 1.253 1.44 0.04 0.89 2.2789 
Al K 1.486 2.47 0.04 1.39 4.9964 
Si K 1.739 6.99 0.07 3.76 17.3110 
S K 2.307 1.92 0.04 0.91 5.9718 
Ca K 3.690 3.12 0.05 1.18 11.9621 
Fe K 6.398 4.99 0.08 1.35 16.4276 
Mo L 2.293 1.01 0.13 0.16 2.4540 
Total  100.00  100.00  
 
The EDS analysis of the residue suggests that the residue contains a significant 
proportion of silicon oxides and that aluminium oxides make up a considerable 
proportion of the leach feed. The results of the EDS scan suggest that oxides of iron, 
calcium, magnesium and sulphur make up a significant proportion of the residue and 
that a minor proportion of the material is composed of oxides of potassium, sodium, 
titanium, antimony and arsenic. The presence of small amounts of Cu, Pb, Zn, Mo and 
Tl were also detected in the residue. 
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3.3 Particle size distribution, pH and EH 
The particle size distribution of the feed sample is shown in Table 8. The measured 
pH and EH of washing liquors are listed in Table 9. There was some discrepancy 
between the mass of the material used for the particle size distribution and the mass of 
the material collected in the sieves. It is possible that some of the sulfur in the leach 
feed was converted to sulfur dioxide when the material was dried under the heat 
lamps or that the residue contained some soluble material that was lost in the water 
during filtration. 
 
Table 8 Particle Size Distribution of a Sample Wiluna Biooxidized Residue 
Screen Aperture (µm) Mass (g) Cumulative % Passing 
250  0.48 98.5 
180 1.12 95.0 
150  1.3 90.9 
125  1.2 87.2 
106  1.68 82.0 
90 1.25 78.1 
75  1.66 72.9 
63  0.98 69.9 
53  1.08 66.5 
45  0.65 64.5 
38  0.5 62.9 
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Table 9 pH and Eh measured during washing test 
pH of de-ionized water used for the washing test was 5.96.  
Time (minutes) pH Pt V SHE Au v SHE 
5 7.5 - - 
15 7.42 221 310 
30 7.32 228 202 
45 7.27 205 166 
60 7.25 201 173 
75 7.23 198 182 
90 7.22 191 219 
105 7.25 186 247 
120 7.26 194 228 
 
 
3.4 Bottle Roll Test Observations and Results 
 
It was observed (Figure 12) that the colour of the leach liquor was reduced as the pulp 
density was decreased and that the darkest colour leach liquor was obtained when 
leaching the residue at an initial cyanide concentration of 1500 mg/L and maintaining 
the concentration at 1000 mg/L, the test with the highest pulp density 40% and most 
intensive cyanidation conditions. Moreover, using a higher concentration of cyanide 
resulted in a more colourful leach liquor. The leach liquors obtained in tests utilising 
an initial cyanide concentration of 1500 mg/L and maintaining at 1000 mg/L at pulp 
densities of 40 and 30 % solids resulted in dark bronze coloured leach liquors. This 
may be due to the extraction of copper and other metals at higher than adequate levels 
of cyanide. When ferric ions react with Fe(III), a brownish colour solution of 
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Figure 11 Filtered leach liquors obtained after 4 hours of leaching 30%, 20%, 10%, 
5% solids w/w, initial [CN] 1500 mg/L, [CN] maintained at 1000 mg/L 
 
 
During tests 13 to 16, i.e. the tests with excess carbon conducted at lower 
concentrations of cyanide, the filtered leach liquors were colourless solutions. This 
made the end point determination of the titrations much sharper and easier to observe 
than the end points of the titrations of the coloured leach liquors from many of the 
other tests. Detection of the end point was generally easier as the mass percentage of 
solids in the liquor decreased and when using lower concentrations of cyanide which 
resulted in less colourful solutions in which it was much easier to observe the 
appearance of white turbidity in the solutions being titrated. 
 
The different conditions used in the tests did not seem to have a significant effect on 
the temperature of the slurries. The temperature of the slurries seemed to deviate from 
the ambient temperature. The slurries were observed to be the coldest in the morning 
and the warmest in the middle of the day and colder on cold days then on warm days.  
 
When the potential readings were taken they were observed to be quite unstable much 
of the time. The readings acquired with the gold electrode in particular were 
particularly unstable. For example, it was observed that during test 8 the potential 
measured when the gold electrode was inserted into the slurry was -0.36 V which 
decreased to -0.2 V before equilibrating which was found to be very common.   
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When the carbon was added to the vessels the evolution of bubbles in the slurry was 
observed. It appeared as though a reaction was occurring between the carbon and the 
cyanide liquor. It is a known occurrence that cyanide is lost in adsorption tanks as a 
result of oxidative and adsorption reaction with the activated carbon (Adams, 1990). 
 
It was observed and noted that in some 72 h bottle roll tests, the filtered liquid already 
contained a white tinge making the end point determination difficult.  The assays of 
solutions, solids and loaded carbon for gold are listed in Tables 10, 11 and 12, 
respectively. The gold leaching efficiencies are plotted in Figures 12-14. 
 
Table 10 Solution Gold Concentrations (ppm) Measured During Cyanide 
Leaching  
Test 2 h 4 h 8 h 24 h 48 h 72 h 
1 29.5 32.4 45.2 56.7 71.9 81.5 
2 28.6 36.5 36.8 34.2 48.6 84.1 
4 - - - - - 1.79 
5 45.3 48.9 57.3 62.3 75.9 74.0 
6 13.9 19.5 35.7 32.1 34.1 35.3 
7 9.41 11.3 12.4 12.9 13.8 13.1 
8 5.61 6.53 7.01 7.37 7.82 7.65 
9 - - - - - 0.48 
10 - - - - - 0.51 
11 1.23 2.00 0.88 1.17 0.78 0.86 
12 24.7 13.9 9.70 11.4 13.3 12.1 
13 - - - - 0.04 - 
14 - - - - 0.06 - 
15 - - - - 0.09 - 
16 - - - - 0.11 - 
17 34.2 40.5 47.6 85.5 90.6 93.1 
18 80.1 84.9 89.3 116 126 140 
19 114 117 125 144 146 143 
20 21.2 24.8 27.5 39.5 41.1 40.5 
21 25.7 27.3 32.3 32.3 32.2 33.7 
22 27.0 41.8 51.9 74.3 96.2 79.2 
 
 




























Test 1 Test 2 Test 5 Test 6 Test 7 Test 8
 




Table 11 Solids Gold Concentrations (ppm) Measured During Cyanide Leaching  
 
Test 2 hours 4 hours 8 hours 24 hours 48 hours 72 hours 
1 88.15 85.35 76.01 52.75 52.55 39.35 
2 82.00 75.23 80.65 74.45 58.06 57.70 
3 - - - - - - 
4 73.45 64.70 50.04 19.25 9.88 8.60 
5 69.81 60.15 56.65 49.52 33.3 22.6 
6 37.67 49.15 51.06 11.27 8.70 19.37 
7 28.89 21.79 16.44 13.69 12.82 22.31 
8 24.04 17.10 14.08 14.06 15.66 12.28 
9 71.05 55.4 52.55 24.08 8.11 38.81 
10 72.85 68.10 58.64 38.00 15.60 10.14 
11 64.71 71.14 57.40 49.45 32.10 21.04 
12 116.14 119.99 62.25 67.4 48.85 48.8 
13 - - 69.2 54.7 43.3 - 
14 - - 64.4 53.9 41.2 - 
15 - - 79.95 58.8 57.3 - 
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16 - - 78.05 57.02 56.95 - 
17 87.5 95.2 81.3 57.5 44.35 46.25 
18 102.75 93.7 71.3 80 64.7 53.55 
19 66.35 59.65 43.6 43.05 29.6 23.985 
20 43.8 35.08 21.93 50.59 17.3 20.63 
21 21.34 20.72 14.22 13.46 14.02 14.32 




Table 12 Carbon Gold Concentrations Measured During Cyanide Leaching  
 
















Nathan Cole 38 
 




3.5 Discussion of gold leach data 
 
3.5.1 Tests 1-8 
 
The AAS results show that in the initial tests varying the pulp density (tests 1-8), the 
highest gold concentrations in solution were acheived in tests 1 and 2 the tests 
conducted at the highest pulp density. These concentrations were observed after 72 
hours of leaching. A slightly higher gold concentration in solution 84.1 mg/L was 
observed in Test 2, compared with test 1 81.5 mg/L. The recovery of gold was greater 
in test 1 63.3% compared with 44.9% in Test 2. The cyanide concentration was 
maintained at 1000 mg/L in test 1 and at 500 mg/L in test 2. The higher concentration 
of cyanide used in Test 1 seems to have resulted in a 18.34% improvement in the 
recovery of gold. It can be observed from figure 12 that the concentration of gold was 
higher in test 1 than in Test 2 early in the leaching but that the concentration of gold 
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The concentration of gold in solution in Test 5 was observed to be the next highest in 
Tests 1-8. The concentration of gold in solution after 72 h was 73.9 mg/L. However, a 
higher concentration of gold 75.9 mg/L was observed after 48 h of leaching. The final 
recovery of gold was 80.1%, an improvement of 16.8% from Test 1 which had the 
same cyanide conditions but was conducted at a pulp density of 40% solids. It can be 
observed from Figure 13 that the initial concentrations of gold in solution were 
greater in Test 5 than the other tests from Test 1-8. After 2 h of leaching, the 
concentration of gold in solution was 45.3 mg/L and even after 48 h of leaching the 
concentration of gold in solution in Test 5 was greater than the concentration of gold 
in solution in Tests 1 and 2 which contained 10% greater mass percentage of solids so 
would have contained 25% more gold to be leached. This may be due to an 
improvement in the mass transfer kinetics of the gold dissolution reactions due to a 
reduction in pulp density.  
 
The final concentration of gold in solution in Test 4 which had the same pulp density 
and cyanide conditions as test 5 but contained 20 g/L of carbon was 1.79 mg/L. The 
final gold in solution concentration was reduced by a factor of 41 in comparison with 
the final gold in solution in Test 5 due to the presence of the carbon in the leach.  
 
The recovery of gold based on assay of the residue in Test 4 was 92.3% after 72 h of 
leaching. The presence of 20 g/L carbon in the pulp resulted in a 12.1% improvement 
in recovery compared with Test 5. Only a small increase in recovery after 48 h of 
leaching was measured, 1.15% during the final 24 h of leaching. The final 
concentration of gold in the leached residue was very low. The results of two assays 
of the leached material were 9.04 and 8.16 ppm gold in the leached residue. 
    
It can be observed from Figure 14 that the rate of leaching and a further improvement 
in recovery was achieved in Test 6 which was conducted at a pulp density of 20% 
solids. A recovery of 92.0% was achieved after 48 h of leaching. The highest 
concentration of gold in solution in Test 6, 35.7 mg/L, was observed after only eight h 
of leaching. This was close to the concentration in solution after 72 h of leaching. A 
reduction in the concentration of gold in solution to 32.1 mg/L occurred after 24 h of 
leaching, before an increase to 35.3 mg/L was measure after 72 h.  
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The highest concentration of gold in solution in Test 7 (13.8 mg/L) was observed after 
48 h of leaching and then decreased to 13.1 mg/L, as was found in Tests 4, 5, 6 and 8. 
The decrease in gold in solution occurred after 48 h of leaching, as in Tests 5 and 8. 
The highest recovery of gold in Test 7 (90.3%) was also observed after 48 h of 
leaching. The highest recovery achieved in the Tests 1-8 showing the effect of varying 
the pulp density (excluding test 4 which contained carbon), was 92.3% in Test 8 
conducted at the lowest pulp density 5%. A recovery of 92.2% was achieved in Test 8 
after 24 h of leaching. The maximum concentration of gold in solution in test 8, 7.88 
mg/L, was observed after 48 h but a slight decrease to 7.65 mg/L occurred afterwards. 
 
In Tests 6-8 leaching for longer than 24 h appears to have little effect on the overall 
extraction of gold from the residue. The results show that as the pulp density was 
reduced in Tests 1-8 the adequate time for leaching decreases. For example, in Test 8 





Figure 14 Recovery of Gold from Biooxidized Residue During Cyanide 
Leaching using 20 g/L carbon 
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3.5.2 Tests 9-12 
 
The results from Tests 9-11 illustrate that the extraction of gold from the residue 
decreases as the concentration of cyanide in the pulp is reduced. The recovery of gold 
in Test 9 was 93.2% after 48 h of leaching, 90.3% after 72 h of leaching in test 10 and 
reduced very significantly in test 11 to 75.1% after 72 h. The recovery of gold in tests 
4 and 9 which had identical leaching conditions was very similar, however, a slightly 
higher concentration of gold on the carbon (2460 ppm) was measured on the carbon in 
test 9 than was measured on the carbon from test 4 (2200 ppm).  
 
The final concentration of gold in solution increased over tests 9, 10 and 11 from 
0.485 mg/L to 0.512 mg/L to 0.861 mg/L as the concentration of cyanide in solution 
was reduced. The trend indicates that having a higher concentration of cyanide in the 
liquor leads to better extraction of gold from solution and a lower residual 
concentration of gold in solution. The adsorption of Ca2+, Mg2+, Na+ and K+ is said to 
increase with increasing pH, whereas the adsorption of aurocyanide decreases (Nicol 
et al., 1985). From the data it can be observed that as the concentration of cyanide was 
lowered from Test 9 to Test 11, lower pH's in the slurries were measured but the 
residual gold concentration increased. Although Test 4 and test 9 utilised identical 
conditions a significantly higher final gold in solution concentration was observed in 
Test 4 (1.794 g/L) than in Test 9.  
 
The gold concentration in solution in Test 11 was at a maximum after 8 h of leaching 
(2.00 mg/L) before a substantial decrease in the concentration of gold was observed to 
0.879 mg/L at 24 h. The concentration fluctuated at around 1 mg/L Au in solution 
(Figure 16). The measured concentrations seem to indicate that the rate of leaching of 
gold decreased after approximately 8 h of leaching and then the concentration of gold 
was reduced due to adsorption onto the carbon.  
 
 





























Test 4 Test 9 Test 10 Test 11
 





Figure 16 Test 11 Solution Gold Concentrations Measured During 
Cyanide Leaching 
 
The highest concentration of gold in solution in Test 12 in which the slurry was 
filtered at each sample point and the liquor was replaced with fresh 500 mg/L NaCN 
was observed in the first leach liquor 24.8 mg/L. The concentration of gold in solution 
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was lower in the subsequent liquors but even after 72 h gold was still leaching 
illustrating that the residue does contain some slow leaching gold. The concentration 
of the final liquor 12.1 mg/L was greater than the concentration of gold in the 




Figure 17 Test 12 Solution Gold Concentrations Measured During 
Cyanide Leaching 
 
3.5.3 Tests 13-16 
 
Zhang and Nicol who leached Wiluna flotation concentrate found that after an 
induction period, gold was found to dissolve at an approximately constant rate with 
time. About 60% of gold was leached from the flotation concentrate in 24 h and 80% 
after 72 h (Zhang and Nicol, 2005). In comparison, the results of this test work show 
that the recovery of gold is faster after it has been oxidized. In most of the tests more 
than 60% of the gold is leached after 24 h of leaching besides the tests conducted at 










Figure 18 Recovery of Gold from Biooxidized Residue During Cyanide 
Leaching using 100 g/L carbon 
 
The recovery of gold in tests 13-16 was determined to be much lower than in the 
previous tests, most probably due to the lower concentrations of cyanide used in these 
tests. The assay results show that the loading of gold on the carbon decreased as the 
concentration of cyanide was reduced and the residual concentration of gold in the 
solids increased. The recovery of gold in Test 13 was determined to be 61.7%. A 
slightly higher recovery of 63.3% was calculated in Test 14, which decreased to 
52.2% in Test 15 and to only 48.0% in Test 16. The experimental results indicated 
that the presence of an excess of carbon does not result in adequate gold extraction at 
the low concentrations of cyanide that were used in Tests 13-16. Like in Tests 9-11, 
the final concentration of gold in solution in Tests 13-16 was found to increase as the 
concentration of cyanide in solution was decreased test by test.  
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Figure 19 Final Solution Gold Concentrations for Tests 13-16 Containing 
100 g/L Carbon 
 
 
Figure 20 Recovery of Gold from Biooxidized Residue During Cyanide 
Leaching in tests 17-22 varying pulp density during intensive cyanidation 
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Figure 21 Solution Gold Concentration for tests 17-22 varying pulp 
density during intensive cyanidation 
 
 
3.5.4 Tests 17-22 
 
In the tests conducted at higher concentrations of cyanide varying the pulp density 
(Tests 17-22), the highest recovery of gold was achieved in Test 21 which was 
conducted at a pulp density of 10%. It was determined that the recovery of gold was 
96.2% after 48 h of cyanidation. The rate of leaching was also very fast, it was 
determined that 93.6% of the gold was recovered after 2 h of leaching. The recovery 
of gold was again the lowest in the tests that were conducted at the highest pulp 
density. A recovery of 78.2% was measured in test 17 in which the concentration of 
sodium cyanide was maintained at 1883 mg/L in comparison with Test 18 in which 
the recovery of gold was 71.7% when the concentration of sodium cyanide was 
maintained at 941 mg/L. Comparison of the recovery in Test 17 with Tests 1, 2 and 18 
which were also conducted at a pulp density of 40% shows that the highest recovery 
was achieved using the highest cyanide concentration. The highest gold concentration 
in solution in these tests (17-22) was measured in Test 19, 146.15 mg/L and the 
recovery in this test was high 91.6%. Comparing the recovery in Tests 1-8 and 17-22, 
higher recovery of gold was achieved in tests 17-22 in which the cyanide was 
maintained at higher levels and higher solution gold concentrations were measured. 
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3.6 Discussion of pH measurements 
 
The recorded pH measurements are listed in Table 13. It can be observed from the 
recorded pH measurements that the pH in the slurries decreased as cyanide in the pulp 
was consumed. The data also shows that the rate of consumption of cyanide decreased 
as the leaching progressed, as the lowest levels of cyanide recorded during the tests 
were measured after 2 h of leaching and subsequent measurements were generally 
higher than the cyanide levels measured early in the leaching tests. This resulted in 
less cyanide being used to maintain the cyanide levels as the leaching progressed. It 
can be observed that from Test 1-8 staring with a sodium cyanide concentration of 
1500 mg/L and maintaining the concentration at 1000 mg/L, that the higher the mass 
percentage of solids in the pulp the greater the decrease in the pH of the slurry. For 
example, in Test 1 in which the mass percentage of solids in the pulp was 40%, the 
pH of the slurry was measured to be 8.01 after 2 h of leaching but the pH in Test 6 in 
which the mass percentage of solids was 10% was measured to be 8.81 after the same 
time period of time. The pH of the slurries was also observed to increase when the 
cyanide additions were made. This is due to cyanide being a weak base as described 
below. 
 
In water cyanide can accept a hydrogen ion to form hydrogen cyanide: 
 
CN-(aq) + H2O(l) → HCN(aq) + OH
-
(aq)   (6) 
 
This makes cyanide a Brønsted-Lowry base, since it can accept a hydrogen ion to 
form a covalent bond. The pKb of the cyanide ion is 4.79 so the cyanide ion is basic. 
The cyanide ion can act as a nucleophile. All nucleophiles are Lewis bases. That is 
because a Lewis base is a substance that is able to donate a pair of electrons. The 
cyanide ion can act as a base hence cyanide is a weak base. Carbon and nitrogen have 
a lone pair of electrons and it can donate this to form a covalent bond. Nitrogen is 
more electronegative than carbon so it tends to keep that pair of electrons to itself. 
This leads to the nitrogen being a weaker nucleophile than carbon, therefore it is the 
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carbon that donates the lone pair.1 The pH’s of the slurries in tests 13-16 were lower 
due to the much lower concentrations of cyanide used in these tests. 
 
3.7 Discussion of cyanide consumption 
 
From the measured cyanide concentrations determined by titration, it can be observed 
that cyanide consumption decreases as the mass percentage of solids in the pulp is 
reduced. This is due to the larger mass of solids used in these tests consuming a larger 
mass of cyanide during the leaching.  
 
The largest consumption of cyanide (3.49 g) was in Test 17 in which the mass 
percentage of solids in the pulp was the greatest (40%) and the cyanide concentration 
was maintained at the highest level (1000 mg/L) and had the highest initial 
concentration (1500 mg/L). Cyanide levels higher than the ideal concentration for 
gold dissolution result in higher consumptions of cyanide through oxidation and 
reaction with cyanicides. Therefore, it would be expected that the tests conducted at 
higher than adequate cyanide concentrations would result in higher cyanide 
consumption due to a higher extraction of other metals such as iron, as described in 
Section 1.
 
Table 13 Test 1-22 pH Measurements During Cyanide Leaching 
Leach 
Time / h 
pH at different times 




10.27 10.29 10.36 10.62 10.86 




8.44 8.53 8.81 10.26 10.62 






9.56 9.64 9.89 10.72 10.71 




8.93 8.98 9.28 10.57 10.77 






9.81 9.8 10.02 10.69 10.81 




9.07 9.03 9.54 10.69 10.76 






9.91 9.79 9.95 10.75 10.82 




9.19 9.11 9.63 10.65 10.67 






10.02 9.9 10.07 10.75 10.72 




9.72 9.42 9.99 9.99 10.22 






10.37 10.02 10.25 10.12 10.65 




10.05 9.68 10.06 9.77 9.84 






Table 14 Test 1-22 Free Cyanide Concentrations Measured by Titration During Cyanide Leaching 
Leach 
Time 
[NaCN] mg/L v Time 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 
0 1500 1500 - 1500 1500 1500 1500 1500 1500 1000 500 1000 1000 700 500 350 2825 2825 2825 2825 2825 2825 
2 40 50 - 80 70 80 160 590 60 50 70 70 - - - - 160 120 180 270 1540 170 
4 100 50 - 130 120 160 370 910 160 50 110 70 - - - - 180 150 340 1310 1610 230 
8 100 90 - 140 280 280 1400 930 140 100 60 100 130 45 40 30 220 260 870 1550 1720 390 
24 100 110 - 50 280 280 1160 770 70 30 60 90 50 50 60 40 340 420 720 1280 1250 400 
48 280 190 - 210 560 560 850 880 70 40 40 100 30 30 40 30 390 280 820 1070 1040 1070 
72 250 170 - 270 680 680 750 810 340 160 20 120 - - - - 470 350 1250 1600 1570 1390 
 
 
Table 15 Test 1-22 Sodium Cyanide Consumption 
Test NaCN consumption kg/per 



























Test 9 in which the pulp had a density of 30% and contained 20 g/L carbon with the 
same cyanide specifications, had the second highest consumption of cyanide 3.08 
grams. It is clear from the results that increasing the mass % of solids in the pulp and 
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the concentration of cyanide in the pulp are two factors that affect the level of cyanide 
consumption.  
 
It can be observed from the data that the consumption of cyanide per kg of 
concentrate increases as the mass percentage of solids in the pulp is decreased. For 
example, the sodium cyanide consumption in Test 1 which had the highest pulp 
density (40% solids) was 7.26 kg/t and Test 8 with the lowest mass percentage of 
solids (5%) had the highest consumption of sodium cyanide per kilogram of 
concentrate 25.2 kg/t. Increasing the solid weight percentage reduces the reagents 
consumption, because the gold recovery can be achieved by a lower volume of 
solution per tonne of ore (Esmkhani et al., 2013, Marsden and House, 2006).  
 
It can be observed that the concentration of free cyanide was also influenced by the 
mass percentage of solids in the pulp. As the mass percentage of solids in the slurries 
were decreased it can be observed that the concentration of titratable cyanide did not 
drop as low initially and higher levels of cyanide were maintained throughout the tests 
which would be beneficial for the cyanidation of gold.  
 
Comparing the results of Tests 4 and 5 which had the same mass percentage of solids 
in the pulp and cyanidation conditions, it was determined that a slightly higher 
consumption of cyanide occurred in Test 4 which contained 20 g/L carbon. This is 
due to a shift in the equilibrium of the gold dissolution reaction. As the gold is 
removed from the solution in Test 4 by the carbon in leach, the driving force for the 
dissolution of gold is greater in Test 4 than in Test 5 in which there is no carbon to 
remove the gold from solution. This resulted in a higher recovery of gold in Test 4 
than Test 5. 
 
For Tests 9, 10 and 11 in which carbon was used to control the gold concentration it 
can be observed that the lower the initial concentration of cyanide and the level at 
which it is maintained the lower the consumption of cyanide will be. For example, in 
Test 9 which had an initial concentration of 1500 mg/L NaCN and was maintained at 
1000 mg/L the consumption of sodium cyanide was 12.7 kg/t. The results of Test 11 
show that the consumption of cyanide can be lowered to 4.92 kg NaCN/t by using an 
initial NaCN concentration of 500 mg/L and maintaining it at this concentration.  
 
Nathan Cole 53 
 
It can be observed from Tests 4 and 5 which both had a pulp density of 30% and a 
sodium cyanide concentration of 1500 mg/L that the measured levels of free cyanide 
are similar over the first 4 h but subsequent measurements indicated that the 
concentration of free cyanide in solution was significantly lower in Test 4 which 
contained 20 g/L of carbon. It was also observed in the tests conducted at 1500 mg/L 
CN- using 20 g/L of carbon that the consumption of cyanide was higher when carbon 
was present. During CIL processing of gold, cyanide is destroyed by a number of 
routes. Cyanide can be lost by hydrolysis due to the formation of HCN, as noted in 
Section 1. 
 
CN- + H2O → HCN + OH
-                               (6) 
 
Dissolved oxygen can strip HCN from solution and oxidize cyanide to cyanate. These 
half-reactions accompany the corresponding reduction of oxygen to water. 
 
2CN- → CN2 + 2e
-                                            (7)    
2OH- + CN- → CNO-  + H2O + 2e
-                   (8) 
 
In the absence of a catalyst these reactions are very slow. When carbon is present, it 
has been shown that the reaction is much faster, due to high porosity and surface area. 
Activated carbon may also adsorb the cyanide ion and cyanate to some extent with 
loadings of up to 7.8 g CN-/kg carbon reported (Rees, 2000). It is also reported that 
the presence of carbon contributes to improved gold recoveries, thus the increased 
consumption of cyanide in the tests containing carbon may be partially due to an 
increased amount of cyanide being complexed with gold, cyanide adsorbing onto 
carbon and or being oxidized due to the presence of carbon. 
 
The cyanide consumption in the tests was generally higher than the level of 
consumption that reportedly occurs in the plant (3 kg NaCN/tonne of concentrate). 
Tests 15 and 16 in which the cyanide levels were initially the lowest 500 and 350 
mg/L, and maintained at the lowest level 350 mg/L, had a lower consumption of 
cyanide 2.39 and 2.14 kg/t, respectively, but they were conducted using an excess of 
carbon (100 g/L) which may not be economical or practical to implement in a real 
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gold plant. In hindsight, it may be possible to further reduce the consumption of 
cyanide if the pH of the slurries was maintained at more regular intervals than the 2, 
4, 8, 24, 48 and 72-hour sample points. The pH of the slurries in many tests decreased 
to a level where significant cyanide loss would have occurred due to the evolution of 
HCN gas.  However, there is significant loss of cyanide at normal plant operating 
conditions due to the formation of HCN. The ideal pH for the cyanidation of gold is 
between 9-9.5, as the potential difference between gold oxidation and oxygen 
reduction is maximised so the driving force for the dissolution of gold is the greatest.  
 
If the leach feed contained higher than normal levels of unoxidized sulphides this 
would have contributed to a higher consumption of cyanide in the tests than what is 
usually achieved in the plant. Iron sulphides decompose in alkaline cyanide solutions 
to form iron cyanide complexes and various sulphur species (Marsden & House, 
2009). In the presence of cyanide ions, both pyrite and pyrrhotite are unstable with 
respect to oxidation, yielding soluble ferrocyanide and thiocyanate ions as the main 
products (Nicol et al., 2006) as can be represented by equation: 
 
 
FeS + ½O2 + 7CN
- + H2O = Fe(CN)6
4- + SCN- + 2OH-                        (9)                
 
Thiosulphates, polythionates and sulphates are also produced. 
 
Based on theoretical potential–pH studies or experimental observations, the 
detrimental effect of sulphide ions formed by the decomposition of sulphide minerals 
on the cyanidation kinetics of gold is greatest for stibnite (Sb2S3), orpiment (As2S3), 
arsenopyrite (FeAsS), realgar (As4S4), pyrrhotite (FeS) and chalcopyrite (CuFeS2) 
(Senanayake, 2008). Wiluna ores are arsenopyritic and historically associated with 
stibnite (Davis & Farrelly, 1999) so the detrimental effect of sulphide ions, a result of 
incomplete oxidation of sulphur, could possibly have significant effect on the 
cyanidation kinetics and cyanide consumption in the leaching of gold at Wiluna. The 
formation of oxo and thioxo salts (SbO3
3−, SbS3
3−) that form passivating films on the 
gold surface, the oxidation of sulfides and consumption of oxygen and cyanide for the 
formation of thiocyanate and other sulfur species, and the reduction of gold(I) cyanide 
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complex by sulphide ions could be factors affecting the cyanidation of gold due to the 
presence of higher than normal levels of unoxidized sulphides (Senanayake, 2008).  
 
The level of cyanide consumption was much lower than that reported by Miller and 
Brown (2005) whom in laboratory test-work leaching Wiluna BIOX residue, achieved 
94-98% recovery of gold, with a cyanide consumption of 30 kg per tonne of 
concentrate treated. 
 
3.8 Discussion of electrode potential measurements 
 
The measured electrode potentials illustrate that electrode potential is dependent on 
the concentration of free cyanide in the leach liquor, as with any metal/metal ion 
electrode. The result of increasing cyanide concentration appears to be the potential 
being increasingly negative. 
 
From the data, it can be observed that the mixed potential measured using the gold 
electrode in the initial 1500 mg/L cyanide solutions was increasingly negative for all 
the initial readings from Test 4 to Test 8 from -0.25 V to -0.33 V excluding the 20 and 
30 w/w % pulps in which the EH’s were equal. It can also be observed in these tests 
that the subsequent measured potential seems to be more negative as the pulp density 
is reduced most probably due to the higher concentrations of cyanide maintained in 
the tests a result of having a lesser pulp density.  
 
The most negative potentials were measured in a test 24 containing 30% solids w/w, 
an initial cyanide 1500 mg/L maintained at 1000 mg/L and 20 g/L carbon. The 
relationship between cyanide concentration and mixed potential is obvious from the 
results of this test as the potential increases significantly as the leach progresses and 
the cyanide level increases reaching a potential of –622 mV at a free cyanide 
concentration of 626 mg/L [CN-]. 
 
The stoichiometry of the anodic dissolution reaction in cyanide solutions is: 
 
Au + 2CN-  = Au(CN)2
- + e                             (10) 
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throughout the potential range -0.65 V to 0.55 V. At higher potentials there is 
evidence of the formation of gold(III) species (Nicol et al., 2006).  
 
 
Table 16 Platinum Electrode Potentials Measured During Cyanide Leaching 
Leach 
Time 
Eh (Pt) mV vs SHE 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 
0 180 142 - 199 195 255 208 216 222 197 -80 110 116 141 185 193 242 268 271 327 269 246 
2 194 155 - 190 193 184 196 186 156 150 156 96 - - - - 213 248 266 256 272 234 
4 193 187 - 180 185 180 198 239 241 219 -159 147 - - - - 247 178 274 299 281 251 
8 141 171 - 157 213 278 196 222 182 206 169 156 144 198 200 208 242 284 259 257 313 235 
24 142 200 - 58 255 252 130 171 171 76 168 191 109 185 166 208 182 179 248 261 259 255 
48 232 206 - 203 199 219 173 137 188 196 242 281 123 175 176 212 269 331 267 252 249 259 
72 196 182 - 222 236 211 246 285 277 236 277 229 - - - - 270 264 249 254 247 206 
 
 
Table 17 Gold Electrode Potentials Measured During Cyanide Leaching 
Leach 
Time 
Eh (Au) mV vs SHE 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 
0 -352 -354 - -271 -240 -197 -242 -220 -216 -185 -584 -343 -190 -311 -192 -68 -406 -256 -252 -252 -285 -310 
2 -76 -7 - -64 -71 -106 -170 -200 -169 -89 -166 -94 - - - - -68 -90 -111 -152 -199 -18 
4 -74 -108 - -107 -82 -137 -187 -206 -123 -35 -344 -74 - - - - -138 -59 -88 -191 -202 -93 
8 -64 -67 - -93 -85 -168 -177 -159 -106 -125 -157 -133 -22 19 22 5 -105 -73 -113 -166 -170 -106 
24 -54 23 - -230 23 -221 -355 -275 -182 -127 -89 -10 -42 -10 20 50 -635 -23 -193 -162 -164 -172 
48 -158 -84 - -165 -213 -214 -324 -290 -170 -158 29 -18 -42 9 -3 62 -123 -144 -205 -208 -256 -200 
72 -119 -84 - -140 -168 -170 -83 -70 -73 -86 23 -77 - - - - -187 -63 -175 -188 -202 -251 
 
For the tests conducted at 1500 mg/L NaCN, the initial potential of the gold 
dissolution reaction was the most negative in tests 1 and 2, the two tests with the 
highest pulp density 40%. The potentials measured with the gold electrode generally 
decreased test by test as the mass percentage of solids in the pulp was decreased 
although some of the measurements obtained from the 10% solids pulp were 
significantly more negative than those measured in the 5% solids pulp.    
 
The potential of the leach slurry when measured with the gold electrode tended to be a 
small negative number whilst the potential of the slurry when measured platinum 
electrode tended to be a smaller negative number which was positive when converted 
to SHE. During the cyanidation of gold, the potential does not exceed zero. On the 
current-potential curve for the oxidation of gold in alkaline cyanide solutions a peak 
in current density occurs at a potential of about -0.4 V, therefore this is the optimum 
slurry potential for the dissolution of gold in alkaline cyanide solutions.    
 
It can be observed from the data that in each test the mixed potential as measured 
using the gold electrode in the initial cyanide solutions starts at an initially high value 
and decreases as the concentration of free cyanide in the leach liquor decreases. For 
the tests conducted at 1500 mg/L NaCN the most negative initial potential is observed 
in the slurries in Tests 1 and 2 conducted at the highest pulp density 40%. Pulp 
density also appears to affect the mixed potential. The initial potential decreased for 
each test from Test 1-8 as the pulp density was decreased but the same initial NaCN 
concentration (1500 mg/L) was used. As the concentrations of cyanide increased as 
the leaching progressed, and the rate of cyanide consumption decreased the potential 
increased as can be seen in Table 16-17. In general, from the results it can be seen that 
lower concentrations of cyanide resulted in less negative measured potentials. 
 
In tests 14, 15 and 16 the tests conducted with an excess of carbon (100 g/L) and 
lower concentrations of cyanide the measured potentials are much smaller than 
measured in the other tests and can be observed to be positive in some of the 
measurements in these tests. This seems to correlate with the level of free cyanide in 
the leach liquor being very low after being consumed during the leaching. Thus, the 
level of cyanide was too low and gold cyanidation would not be occurring under such 
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conditions. During the cyanidation of gold, the potential does not exceed zero (Nicol 
et al., 2006). Possibly this could be overcome by increasing the number of cyanide 
addition points to maintain the low cyanide concentrations without the cyanide being 
depleted to a level where cyanidation is not occurring. 
 
As the concentration of cyanide was decreased in Tests 13-16, it was observed that 
the measurements taken with the platinum electrode became less negative as the 
concentration of cyanide was reduced. The measurements taken using the gold 
electrode became less negative as the concentration of cyanide was reduced due to a 
decrease in the proportion of the cyanide in the leach liquor which for gold is an 
oxidizing species in solution. 
 
3.9 Discussion of SEM analysis of leach residues and carbon 
 
The leach residue from test 1 at 2, 4, 8, 24, 48 and 72, h which had an initial NaCN 
concentration of 1500 mg/L and was maintained at 1000 mg/L, were analysed using 
SEM to observe the morphological changes in the leach residue as it was leached. The 
leach residues for Test 2, in which a lower concentration of sodium cyanide was 
maintained (500 mg/L), were also analysed to see if differences in the residues could 
be detected due to the higher and lower concentration of cyanide. The images 
obtained showed that the size of the particles decreased and became more spherical as 
the residue was leached. Even after 2 h of leaching there are no more jagged or 
rectangular particles like were present in the bio-oxidized residue.  
 
After 24 h of leaching the residue appears much more porous and barren compared to 
the images of the bio-oxidized concentrate.   
 
The SEM images of the residue after 48 and 72 h of leaching show that the particle 
size of the leach feed has decreased significantly. From the images of the final leach 
residue obtained with a magnification of x 30 and x 2000 it can be observed that the 
residue is mainly composed of fine particles. The final leach residue looks much less 
dense, more porous and is much finer. The leach residue looks like it has been 
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Figure 22 Photomicrograph showing leached residue 
 
SEM images of the carbon used in test 4 were obtained. The images show that the 
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Figure 23 Photomicrograph showing loaded carbon 
 
 
Summary and Conclusions 
• The highest recovery of gold 92.3% and the fastest rate of leaching in 
the tests varying pulp density utilising an initial NaCN concentration of 
1500 mg/L and maintaining at 1000 mg/L was observed when leaching 
at the lowest pulp density of 5% (w/w). 
• The adequate time for leaching decreases as pulp density is reduced.  
• Cyanidation at a pulp density of 40% with an initial NaCN 
concentration of 1500 mg/L and maintained at 1000 mg/L resulted in 
faster leaching and a higher recovery of gold after 72 h in comparison 
to the cyanide concentration being maintained at 500 mg/L. 
• The highest recovery of gold was determined to be 93.2% after 48 h of 
leaching in Test 9 which was conducted at a pulp density of 30% solids 
and contained 20 g/L carbon. 
• In the tests without carbon the maximum solution gold concentrations 
were often followed by decrease of gold concentration in solution 
which would negatively impact recovery of gold, which may be due to 
the adsorption but needs further studies.  
• Decreasing pulp density resulted in a higher consumption of cyanide 
per kg of concentrate. 
• The recovery of gold was poor in Tests 13-16 conducted at low 
cyanide concentrations using an excess of carbon ranging from 63.3% 
to 47.8% after 48 h of cyanidation 
• In tests conducted with carbon in the leach, higher tail solution gold 
concentrations were observed as the cyanide concentration is reduced. 
• Increasing cyanide concentration resulted in an increased cyanide 
consumption. The highest consumption was observed in Test 17 in 
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which the initial sodium cyanide concentration was 2825 mg/L, 
cyanide concentration was maintained at 1883 mg/L NaCN and the 
pulp density was 40% solids.  
• A reduction of pulp density of bio-oxidised concentrate in the Carbon-
In-Leach at the Wiluna Gold Plant from 40% solids to 30% solids 
would result in faster leaching due to kinetic gains that would offset 
the requirement for increased volumetric flowrates which may require 
up-sizing of the leach circuit. 
• A reduction in pulp density to 30% would result in the recovery of an 
additional 3 875 ounces per annum, which based on an average gold 
recovery of 89.29% (Wardell Johnson, 2008), the average recovery of 
gold from tests 4 and 9 (92.75%) and the current gold price A$1692.41 
(Gold price Australia, 2017), would result in an increase in revenue by 























Nathan Cole 64 
Appendix A 
 
Calculation of contents of the vessels for the tests 
 
Dry mass/ wet mass = 18.81 g/ 32.11 g = 0.58 x 100 = 58.6 % solids 
 
Tests 1 and 2 
 
500 g liquid x 0.4/0.6 = 333.33 g solids 
= 833.3 g total bottle mass 
333.3 g solids x 100/0.5858 = 569.0 g wet residue  
569.0 x 0.4142 = 235.7 g H2O in wet residue 




235.7 g H2O in wet residue = 235.7 mL x 1.5 g/L NaCN = 0.354 g NaCN to be added 
to reactor for H2O in wet residue 
 
Tests 4 and 5 
 
500 g liquid x 0.3/0.7 = 214.3 g solids 
= 714.3 g total bottle mass 
214.3 g solids x 100/0.5858 = 365.8 g wet residue  
365.8 x 0.414 = 151.3 g H2O in wet residue 




151.3 g H2O in wet residue = 151.3 mL x 1.5 g/L NaCN = 0.227 g NaCN to be added 




500 g liquid x 0.2/0.8 = 125 g solids 
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= 625 g total bottle mass 
125 g solids x 100/0.5858 = 213.4 g wet residue  
213.4 x 0.414 = 88.34 g H2O in wet residue 




88.384 g H2O in wet residue = 88.384 mL x 1.5 g/L NaCN = 0.133 g NaCN to be 




500 g liquid x 0.1/0.9 = 55.555 g solids 
= 555.555 g total bottle mass 
55.555 g solids x 100/0.5858 = 94.836 g wet residue  
94.836 x 0.4142 = 39.281 g H2O in wet residue 




39.281 g H2O in wet residue = 39.281 mL x 1.5 g/L NaCN = 0.059 g NaCN to be 




600 g liquid x 0.05/0.95 = 31.579 g solids 
= 631.579 g total bottle mass 
31.579 g solids x 100/0.5858 = 53.907 g wet residue  
53.907 x 0.4142 = 22.328 g H2O in wet residue 




22.328 g H2O in wet residue = 22.328 mL x 1.5 g/L NaCN = 0.033 g NaCN to be 
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Test 1 and 2 
 
500 g liquid x 0.4/0.6 = 333.33 g solids 
= 833.33 g total bottle mass 
333.33 g solids x 100/61.33 = 543.51 g wet residue  
543.51 x 0.3867 = 210.175 g H2O in wet residue 
500 g liquid – 210.175 H2O in wet residue = 289.175 g CN
- solution 
  
1500 mg/L CN- solution required. Molar mass NaCN = 49.0072 g/mol. Molar mass 
CN- = 26.02 g/mol. Thus mass % of CN- in NaCN = 26.02/49.0072 x 100 = 53.094 % 
 
NaCN required for 1500 mg/L CN- = 1500 mg/L NaCN x 1/0.53094 = 2 825.18 mg/L 
NaCN or 2.825 g/L NaCN 
  
210.175 g H2O in wet residue = 210.175 mL x 2.825 g/L NaCN = 0.594 g NaCN to 
be added to reactor for H2O in wet residue 
 
Test 4 and 5  
 
500 g liquid x 0.3/0.7 = 214.2857 g solids 
= 714.2857 g total bottle mass 
214.286 g solids x 100/61.33 = 349.398 g wet residue  
349.398 x 0.3867 = 135.112 g H2O in wet residue 
500 g liquid – 135.112 g H2O in wet residue = 364.888 g CN
- solution 
  
1500 mg/L CN- solution required. Molar mass NaCN = 49.0072 g/mol. Molar mass 
CN- = 26.02 g/mol. Thus mass % of CN- in NaCN = 26.02/49.0072 x 100 = 53.094 % 
 
NaCN required for 1500 mg/L CN- = 1500 mg/L NaCN x 1/0.53094 = 2 825.18 mg/L 
NaCN or 2.825 g/L NaCN 
  
135.112 g H2O in wet residue = 135.112 mL x 2.825 g/L NaCN = 0.382 g NaCN to 
be added to reactor for H2O in wet residue 
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Test 6 
 
500 g liquid x 0.2/0.8 = 125 g solids 
= 625 g total bottle mass 
125 g solids x 100/61.33 = 203.82 g wet residue  
203.82 x 0.3867 = 78.82 g H2O in wet residue 
500 g liquid – 78.82 g H2O in wet residue = 421.18 g CN
- solution 
  
1500 mg/L CN- solution required. Molar mass NaCN = 49.0072 g/mol. Molar mass 
CN- = 26.02 g/mol. Thus mass % of CN- in NaCN = 26.02/49.0072 x 100 = 53.094 % 
 
NaCN required for 1500 mg/L CN- = 1500 mg/L NaCN x 1/0.53094 = 2 825.18 mg/L 
NaCN or 2.825 g/L NaCN 
  
78.82 g H2O in wet residue = 78.82 mL x 2.825 g/L NaCN = 0.2226 g NaCN to be 




500 g liquid x 0.1/0.9 = 55.555 g solids 
= 555.555 g total bottle mass 
55.555 g solids x 100/61.33 = 90.583 g wet residue  
90.583 x 0.3867 = 35.029 g H2O in wet residue 
500 g liquid – 35.029 g H2O in wet residue = 464.971 g CN
- solution 
  
1500 mg/L CN- solution required. Molar mass NaCN = 49.0072 g/mol. Molar mass 
CN- = 26.02 g/mol. Thus mass % of CN- in NaCN = 26.02/49.0072 x 100 = 53.094 % 
 
NaCN required for 1500 mg/L CN- = 1500 mg/L NaCN x 1/0.53094 = 2 825.18 mg/L 
NaCN or 2.825 g/L NaCN 
  
35.029 g H2O in wet residue = 35.029 mL x 2.825 g/L NaCN = 0.09895 g NaCN to 
be added to reactor for H2O in wet residue 
 
 
Nathan Cole 68 
Test 8  
 
600 g liquid x 0.05/0.95 = 31.5789 g solids 
= 631.5789 g total bottle mass 
31.5789 g solids x 100/61.33 = 51.49 g wet residue  
51.49 x 0.3867 = 19.911 g H2O in wet residue 
500 g liquid – 19.911 g H2O in wet residue = 580.089 g CN
- solution 
  
1500 mg/L CN- solution required. Molar mass NaCN = 49.0072 g/mol. Molar mass 
CN- = 26.02 g/mol. Thus mass % of CN- in NaCN = 26.02/49.0072 x 100 = 53.094 % 
 
NaCN required for 1500 mg/L CN- = 1500 mg/L NaCN x 1/0.53094 = 2 825.18 mg/L 
NaCN or 2.825 g/L NaCN 
  
19.911 g H2O in wet residue = 19.911 mL x 2.825 g/L NaCN = 0.0562 g NaCN to be 
added to reactor for H2O in wet residue 
 
The mass percentages of solids and liquids used for tests 1-8, covered all the mass 
percentages that were required for test 9-16 so the calculations did not need to be 
repeated as the same masses of wet residue and cyanide solution and cyanide for the 
moisture in the wet residue were used for these tests as were used previously for the 
tests with the same densities. Some of these tests did use different cyanide 
concentrations though so the density of these solutions needed to be calculated to 
determine the initial volume of liquor used in these tests.  
 
Mass of carbon for test 4 
 
500 g x 1/0.9909 g/mL = 504.59 mL (initial volume of leach liquor) 
20 g/L x 0.50459 L = 10.091 g carbon  
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Solution Concentration 
 
1000 mg/L CN- = 1000 mg/L NaCN x 1/0.53094 (mass percentage of cyanide in 
NaCN) = 1.884 g/L NaCN 
 
Mass of NaCN for moisture in residue 
 
1000 mg/L x 0.135 L = 135 mg CN  
135 mg CN x (1/ 0.53094 (mass % of CN- in NaCN)) 
= 254.49 mg NaCN 
 
Solution Density  
 
9.952 g = 10 mL  
Solution density = 0.9952 g/mL  
 
Solution Volume  
 
Solution Mass / solution density = solution volume 







700 mg/L CN- = 700 mg/L NaCN x 1/0.53094 (mass percentage of cyanide in NaCN) 
= 1.3184 g/L NaCN 
 
Mass of NaCN for moisture in residue 
 
700 mg/L x 0.135 L = 94.5 mg CN  
94.5 mg CN x (1/ 0.53094 (mass % of CN- in NaCN)) 
= 178.14 mg NaCN 
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Solution Density  
 
99.42 g = 100 mL  
Solution density = 0.9942 g/mL  
 
Solution Volume  
 
Solution Mass / solution density = solution volume 






500 mg/L CN- = 500 mg/L NaCN x 1/0.53094 (mass percentage of cyanide in NaCN) 
= 0.9417 g/L NaCN 
 
Mass of NaCN for moisture in residue 
 
500 mg/L x 0.135 L = 67.5 mg CN  
67.5 mg CN x (1/ 0.53094 (mass % of CN- in NaCN)) 
= 127.13 mg NaCN 
 
Solution Density  
 
9.932 g = 10 mL  
Solution density = 0.9932 g/mL 
 
Solution Volume  
 
Solution Mass / solution density = solution volume 
500g / 0.9932 g/mL / g = 503.423 mL 
 
 





350 mg/L CN- = 350 mg/L NaCN x 1/0.53094 (mass percentage of cyanide in NaCN) 
= 0.6592 g/L NaCN 
 
Mass of NaCN for moisture in residue 
 
350 mg/L x 0.135 L = 47.25 mg CN  
47.25 mg CN x (1/ 0.53094 (mass % of CN- in NaCN)) 
= 88.993 mg NaCN 
 
Solution Density  
 
9.902 g = 10 mL  
Solution density = 0.9902 g/mL  
 
Solution Volume  
 
Solution Mass / solution density = solution volume 






Time Mass of Solids 










0 333.33 500   
2   52.367 22.62 
4   49.852 16.90 
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8   48.246 20.66 
24   49.216 20.77 
48   33.941 31.935 





Time Mass of Solids 










0 214.286 500   
2   49.952 25.96 
4   45.493 20.97 
8   52.928 27.08 
24   44.39 17.77 
48   34.621 7.91 
72   107.012 53.48 
 
 
Test 4  
 
Time Mass of Solids 










0 214.286 500   
2   27.948 - 
4   25.539 - 
8   22.336 - 
24   25.125 - 
48   23.014 - 
72   83.165 181.65 
 
 




Time Mass of Solids 










0 214.286 500   
2   32.743 40.00 
4   28.644 35.80 
8   27.132 33.29 
24   23.161 27.68 
48   25.04 30.61 
72   81.165 34.00 





Time Mass of Solids 










0 125 500   
2   18.203 56.87 
4   13.427 33.74 
8   18.461 43.70 
24   12.402 30.08 
48   14.325 24.21 
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Test 7 
 
Time Mass of Solids 










0 55.55 500   
2   5.662 42.98 
4   4.307 36.26 
8   5.107 32.60 
24   5.062 34.25 
48   6.004 40.43 
72   4.93  





Time Mass of Solids 










0 31.5789 600   
2   3.012 33.57 
4   3.411 41.62 
8   2.887 43.53 
24   2.423 37.83 
48   2.159 33.27 
72   16.96  





Time Mass of Solids Mass of Mass of Mass of 
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0 214.2857 500.00   
2   24.391  
4   23.536  
8   16.304  
24   18.847  
48   17.402  
72   119.023  
tails    232.81 
 
 
Test 10  
 
 
Time Mass of Solids 










0 214.2857 500.00   
2   23.195  
4   20.35  
8   15.65  
24   20.117  
48   20.416  
72   112.47  





Time Mass of Solids 
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0 214.2857 500.00   
2   19.198 21.06 
4   22.509 27.11 
8   23.111 35.87 
24   28.602 37.83 
48   24.715 33.27 
72   87.419 104.17 





Time Mass of Solids 










0 333.333 500   
2   13.333  
4   12.65  
8   12.711  
24   11.351  
48   14.351  




Time Mass of Solids 










0 214.2857 500   
8   29.508  
24   35.621  
48   141.332  
tails    193.123 
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Test 14 
 
Time Mass of Solids 










0 214.2857 500   
8   21.992  
24   33.957  
48   151.573  
tails    195.064 





Time Mass of Solids 










0 214.2857 500   
8   22.056  
24   26.856  
48   172.95  
tails    219.28 





Time Mass of Solids 










0 214.2857 500   
8   34.888  
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24   31.524  
48   139.05  
tails    209.08 





Time Mass of Solids 







0 333.333 500.00  
2   31.322 
4   31.282 
8   32.025 
24   31.29 
48   33.663 
72   36.209 





Time Mass of Solids 







0 214.286 500.00  
2   35.28 
4   32.041 
8   33.022 
24   33.138 
48   33.191 
72   32.958 
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Time Mass of Solids 







0 214.2857 500  
2   30.111 
4   25.972 
8   22.68 
24   22.364 
48   31.218 
72   28.534 





Time Mass of Solids 







0 125 500  
2   15.911 
4   16.612 
8   15.906 
24   14.263 
48   13.07 
72   13.75 
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Test 21 
 
Time Mass of Solids 







0 55.55 500  
2   5.645 
4   6.104 
8   6.751 
24   5.59 
48   5.33 
72   5.958 






Time Mass of Solids 







0 333.333 500  
2   33.6 
4   42.013 
8   42.252 
24   32.846 
48   46.93 
72   45.027 
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Cyanide Titration Equipment  
 
Equipment: 
1. Burette 50 mL 
2. Erlenmeyer 100 mL 
3. Pipette Volume 10 mL 




4. 0.1 mol and 0.0103 mol AgNO3 
5. Distilled Water 
 
Safety: 
1. Latex gloves 
2. Safety glasses 
3. Safety shoes 
4. Lab coat 
 
Safety gear was worn during the process. 
 
Cyanide Titration with Silver Nitrate 
The earliest method for the determination of cyanide was reported in 1851 by Liebig 
(Pohlandt et al., 1983). This method is based on the development of turbidity due to 
silver cyanide that forms as a result of the reaction between the cyanide and a silver 
nitrate solution (Pohlandt et al., 1983). There are three main categories for measuring 
and reporting cyanide: 
 
Free (titratable) cyanide 
• CN- 
• HCN (see effect of pH and buffers) 
• All CN- complexed with Zn(II) and Cd(II) 
• Some CN- complexed with Cu(I) 
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Weak Acid Dissociable (WAD) cyanide 
• Titratable cyanide  
• All CN- complexed with Cu(I), Ag(I) and Ni(II) 
 
Total cyanide 
• WAD cyanide 
• All CN- complexed with Fe(II) 
• Some CN- from Co, Pt and Au cyanide complexes 
• SCN- is included in some methods                                            (Breuer, 2017) 
 
Measured and reported cyanide values depend on the analysis method used. Cyanate 
(OCN-) is not included in any of the determinations. Titration will only yield a 
reasonably accurate measurement of free cyanide when metal cyanide complex 
concentrations (e.g., cadmium, copper, mercury, nickel, silver and zinc) in solution 
are low (Bas et al., 2014). Cyanide results are generally reported as mg/L CN-, though 
at gold operations free cyanide is typically reported as mg/L NaCN (Breuer, 2017). 
 
Free (titratable) cyanide measurement  
 
Ag+ + 2CN- → Ag(CN)2
-                      (11) 
 
Endpoint Detection 
The persistence of a faint white turbidity marks the end point of the titration when no 
indicator is being used. Silver(I) from silver nitrate will react with free cyanide, 
cyanide bound to zinc-cyanide complexes and a portion of cyanide bound to copper-
cyanide complexes. When all “titratable” cyanide has reacted with silver a slight 
excess of silver will develop which is used to signal the end point of the titration.    
 
A colorimetric indicator such as “rhodanine” 5-(4-dimethylaminobenzylidene)-
rhodanine) can be used if the initial solution is colourless. The end point of the 
titration is indicated by a colour change from canary yellow to a salmon pink in the 
presence of excess silver (Breuer, 2017, Botz et al., 2013). Detection of the end point 
 
Nathan Cole 83 
is difficult in high chloride or copper solutions. A sample of 5 mL of rhodanine 
should be used. 
 
Potassium iodide is able to be used as a visual indicator in a coloured solution 
(Breuer, 2017). The end point is indicated by a white precipitation of AgI. A solution 
of 5 mL of 10% KI should be used. The end point is not as sharp as for rhodanine. 
 
The titration end point can also be detected potentiometrically. This is beneficial for 
the end point detection of coloured solutions. This method provides more information 
about the titration and the end point can more easily be detected in high copper and 
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